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1 INTRODUCTION
Design plays a substantial role in determining a component’s lifespan based on possible end-of-life
(EoL) scenarios. This impacts in turn the lifecycle cost of a component, and thus its alignment with
circular economy (CE) principles and objectives. CE is an economic model that encourages closed loop
resource flow of various processes throughout a component’s lifecycle (MacArthur Foundation, 2017;
Garmulewicz et al., 2018). Moreover, the CE paradigm highlights the role of design in retrieving lost
value of components throughout the in-service phase and impacting resource consumption within the
industrial system, hence its ability to increase profit (Lindahl et al., 2006). For example, designing a
component with EoL scenario such as reuse or re-manufacture is preferred to replacement as it offers
both environmental and cost benefits due to the reduction in raw material consumption.
One possible way of achieving CE objectives is through designing components with extended lifespan,
reducing thus the number of parts required throughout the system’s in-service phase. Since component
design impacts cost at various stages of its lifecycle, design decisions should aim at minimizing compo-
nent lifecycle cost (LCC). However, rapid changes in technology and customer preferences complicate
the design decision even more. In a market with rapid changes, initial product design might become
obsolete by the manufacturing stage. Therefore, in order to reduce economic losses, design decisions
must result in products with high degree of changeability (Fricke and Schulz, 2005).
Additive manufacturing (AM) provides an opportunity for considering novel repair and re-
manufacturing strategies that may extend the useful life of components and products. Life extension
(LE) processes aim at maintaining the value of products during its lifecycle (Leino, Pekkarinen &
Soukka). Different LE strategies in which AM technologies have been implemented are listed below
in order of increasing recovery efficiency.
• Recycling: allows reuse of materials from used components resulting in the loss of the identity and
functionality of parent components (Thierry and Salomon, 1995).
• Repair: returns used components to working order. Quality may be generally lower than that of
most products with the exception of critical aerospace related components, where certification
regulations require same-level quality. Repair involves fixing and/or replacement of parts (Thierry
and Salomon, 1995).
• Refurbishing: restoring the component up to a specified quality. Quality standards are less rigorous
than those for new products (Thierry and Salomon, 1995). Reconditioning may return a product to
like-new quality, but the process may not disassemble and clean all components; this distinguishes
it from re-manufacturing.
• Re-manufacturing/overhaul: restoring the component to a quality as rigorous as those for new prod-
ucts. It involves intensive inspection and testing (Thierry and Salomon, 1995; Gray and Charter,
2007).
• Upgrading: improving component’s functionality through taking advantage of technological
developments (Gray and Charter, 2007).
At the same time, the interest of original equipment manufacturers (OEM) in increasing the modes of
availability of their products has introduced the product-service systems (PSS) paradigm. This paradigm
favors LE strategies during the early stages of product development. As firms base their decisions on
profits, both costs and revenues are used as key indicators of the component’s viability and provide valu-
able information to product designers. In this study, only costs associated with components throughout
their in-service phase are considered.
Typically, most components are designed as either repair/replace components or through-life compo-
nents. The motivation behind the research presented here is to provide support for design flexibility so
that possible migration to different EoL scenarios, such as extending the component’s lifespan, can be
considered. One way this could be achieved is through identifying the utilization of AM in component
LE processes.
The research presented in this paper aims at addressing two main questions:
1. What are the main cost drivers that impact the use of AM processes in CE principles such as repair,
re-manufacture, refurbishment, recycle, and upgrade?
2. What are the design attributes associated with AM recovery strategies, and how can these be
integrated in the design process?
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To investigate these questions, this paper presents the development and use of a model for examining the
impact of design decisions in the early development stage on components’ LCC during the in-service
phase while considering the potential use of AM technology in LE of components.
2 BACKGROUND
Several applications in the AM literature consider LE of components, which can be helpful in identi-
fying the key characteristics of components recovered by AM processes (Lahrour & Brissaud, 2018).
Both AM-related features and component characteristics should be considered for efficient and effective
application of AM LE processes. Based on literature, cost drivers of different AM LE processes are
categorized into costs due to resource availability, quality assurance, process characteristics, component
accessibility, and downtime involved (Matsumoto et al., 2016; Giurco et al., 2014). Moreover, decisions
on other design features such as the deposited part geometry and characteristics, its functional and spa-
tial compatibility as well as AM process parameters need to be considered (Le, Paris & Mandil, 2018;
Adams, , 2016; Chakraborty, Mondal & Mukherjee, 2017).
Introduction of AM has offered opportunities throughout the value chain such as the reduction of energy
and resource consumption compared to conventional manufacturing methods. Tang et al. (2016) pre-
sented a framework for environmental impact analysis of AM processes and compared it with CNC
machining. They showed that AM processes consume less energy and generate fewer CO2 emissions
to produce a part than CNC milling. Moreover, AM has CE potential through product customiza-
tion (reducing production of unnecessary parts), product recovery and the design of components with
extended lifespan. In addition to this, it reduces the time to market, shortens assembly chains, and has
the ability to produce complex parts (Kellens et al., 2017; Le, Paris & Mandil, 2018). However, despite
this potential, there are also significant barriers to the use of AM in a CE context. These include the
speed, cost and quality of products manufactured as they are greatly impacted by market and require-
ment changes (Garmulewicz et al., 2018; Tateno & Kondoh, 2017; Hollander, Bakker & Hultink, 2017;
Kwak & Kim, 2012).
At the strategic level, decision-makers should understand the evolution of the recovery system over time
and its impact on component LCC. In aerospace applications, decisions on components’ LCC and their
availability are highly critical and challenging as limited cost data is available at early stages of the
design process (?). Other studies consider an active re-manufacturing product design process that takes
recycle, reuse, disassemble and environmental load into consideration during the design stage resulting
in products with environmental friendly characteristics (Wang, Zhang). Results have showed that cur-
rently existing approaches suffer from a high degree of uncertainty and fail to account for technological
advancement such as the use of AM in LE processes. Furthermore, a number of tools and techniques
have been published by academics on issues such as changes in market demand, EoL condition of com-
ponents and product designs. However, there is no literature on how these tools relate to the decision
process. Most studies assess re-manufacturing from an economic perspective. Environmental factors
have received significant attention in the assessment of re-manufacruring strategies as well, while social
factors were often neglected (Goodall, Rosamond & Harding, 2014).
3 MODEL METHODOLOGY
The objective of the work presented in this paper is to develop a model that accounts for component
LCC when considering alternative re-manufacturing and/or repair solutions early in the design process.
Manufacturing parameters are tightly connected to quality and inspection intervals. Therefore, the first
step of our methodology is the identification of design variables and parameters that are critical to the
AM process. A system dynamics (SD) model is then developed to study the interrelations between the
extracted component’s lifespan and different costs throughout the in-service phase. This model is used
for evaluation of different EoL scenarios using LCC as the key indicator of the system’s efficiency.
Finally, an optimization problem is solved to minimize LCC with respect to design variables. Figure 1
illustrates the proposed methodology.
The proposed model is demonstrated by means of a case study involving a turbine rear structure (TRS),
one of the most critical structural load bearing components of an aero-engine. Changes in load require-
ments or airplane structure throughout the in-service phase impact the performance of the TRS, hence
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its lifespan. The life extension of the TRS is achieved through additive deposition of a circumferen-
tial stiffener on the outer casing. This stiffener strengthens the structure and thus extends the service
intervals. The key dimensions (and design variables) of this geometrical configuration are outlined in
Figure 2.
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Figure 1. LCC optimization methodology
Figure 2. Schematic of the TRS and deposited stiffener
A model for studying the dynamics of different EoL scenarios was developed in which LCC is used to
asses each scenario. The model includes cost drivers such as material and fuel costs, LE and replace-
ment lifespans, operators hourly rates and AM process time involved throughout the in-service phase.
Moreover, several design attributes are considered in the model such as the deposited part geometry and
material type, AM process parameters used and the time period in which LE processes are performed.
3.1 System dynamics model for a turbine rear structure
System dynamics can be used in long-term, strategic models where capturing information flow and
feedback are important considerations. SD models are well suited to incorporate qualitative aspects
of behavior that, while difficult to quantify, might significantly affect the performance of a system
(Panarotto, Wall & Larsson, 2017). Several examples are found in literature on the use of SD mod-
els for management of engineering and medical projects (Chritamara, Ogunlana & Bach, 2002; Zhang
et al., 2017). These mainly include assessment of the impact of different design features on project
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performance, determining costs of components as well as assisting in pricing decisions and policies for-
mulation.
The SD model is structured by causal loops that define correlations within the system under study.
As shown in Figure 3, throughout the system’s in-service phase, changes in requirements will impact
the component’s designed lifespan, and thus its LCC. One possibility to reduce LCC is to extend the
component’s lifespan using AM. Applying AM LE strategies increases the lifespan of the component
with the aim to decrease LCC as fewer number of replacement processes will be required during the
in-service phase. This control loop is called a balancing loop. However, in the long run, using AM in
LE processes introduces structural defects into the component due to thermal conditions associated with
the manufacturing process. This will increase risk of component failure, which in turn may increase
the need for component replacement, thus negatively impacting its LCC. Moreover, as AM processes
involve deposition of material onto the parent component, the overall component weight will increase,
resulting in an increase in the system’s fuel consumption. This, along with costs of the material used in
the LE process, will impact both component- and system-level LCC.
One of the most important questions is which of these loops is dominant. In order to make effective
decisions, it is crucial to understand the unintended consequences of alternative design and manufactur-
ing solutions, hence prevent them from becoming the dominant loop in the system. The aforementioned
SD approach was applied on a case study examining the impact of changing load case requirements on
a TRS lifespan while considering AM LE processes.
Figure 3. Causal loops describing relation between TRS LCC and its LE by AM. (+) denotes
that the two variables move in the same direction (an increase in one variable results in an
increase in the other) and (-) denotes that variables move in the opposite direction
Variables such as fuel and material prices used in the proposed model are dynamic. Various price fore-
casting models and techniques can be found in the literature. These techniques include time series and
data mining from which Artificial Neural Network (ANN) is the most popular as they are able to resolve
indeterminate relations between input and output variables, approximate complex nonlinear functions
and can implement multiple training algorithms. However, several disadvantages are associated with
ANNs as they require a certain minimum amount of data and may result in over-fitting when large
data-sets are available. Hybrid models are currently being developed that overcome the short comings
of these models and provide reliable and accurate forecasting. Decisions on the forecasting technique
adopted depends on the level of accuracy required and computational cost that can be afforded. In order
to consider the dynamic evolution of such prices in the proposed model, data-fitting models over a 20-
year period (1998-2018) were integrated into the model (U.S. Department of Energy Office of Energy
Efficiency & Renewable Energy, 2017; Thomson Reuters Datastream, 2018).
A schematic of the SD model illustrating the three EoL scenarios and basic elements contributing to
the LCC of each scenario is shown in Figure 4. The main cost drivers and design attributes associated
with AM LE strategies and component replacement procedures identified from literature are integrated
in the developed model. As shown in Figure 4, the model starts with design decisions regarding AM
process parameters, deposited part geometry, material type used and the time period in which AM LE
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processes are performed. These decisions will in turn impact different cost drivers resulting in a change
in the cumulative cost at the end of the system’s in-service period.
Figure 4. Schematic of the developed SD model
The main assumptions made in the developed model are as follows:
• Component’s lifespan calculation is based on structural considerations, mainly residual stresses
resulting from the AM process. These are functions of the deposited part geometry and AM process
parameters (Al Handawi et al., 2018).
• AM LE costs are linearly interpolated and proportional to the component’s probability of failure
calculated using weibull distribution with shape parameter of 2 and scale parameter (λ) = (in-
service phase) ×(− ln(0.9))−0.5 (Thomsen et al., 2017).
• Part deposited on the outer casing of the TRS is assumed to be a circumferential rectangular
stiffener.
• For the sake of simplicity, material type is treated as a parameter considering only specifications
of Inconel 718 in the model, hence avoiding the use of categorical variables in the optimiza-
tion problem. However, parametric studies with respect to material choice can be conducted in
a straightforward manner.
• Only costs of the conceptual design, detailed design, manufacturing, operation and maintenance
stages as well as different component EoL scenarios were considered in the LCC calculation (Fera
et al., 2017). Costs of marketing and shipping stages were not considered as they are not applicable
to this case study. Moreover, costs of installation and after-sale stages were not included as further
research is required on suitable methods for estimating costs of these stages.
• It is assumed that the aircraft, on which the engine is mounted, flies equal number of cycles every
year.
• It is assumed that for each 1% weight increase, 0.75 litres of fuel are consumed extra (Capehart,
2007).
• Deposited layer thickness is assumed to be independent of AM process parameters.
• The start time of LE processes is treated as a parameter.
LCC calculation depends on values that will most likely change with time such as maintenance costs and
operation costs. Therefore, present value (PV) approach was used to assess LCC through comparison of
the value of currency at different times. It allows the use of a reference year value cost approach. The
PV approach discounts all future costs with a given discount rate and then sums them according to
PV =∑Nt=0 Ct(1+r)t , (1)
where Ct is the sum of all costs in year t, r is the discount rate and N is the in-service period. As LCC are
discounted to their PV, selection of a suitable discount rate is a crucial aspect in LCC analysis. Available
literature in this area offers little recommendations regarding the final selection of an appropriate rate.
The time value of money, expressed as a discount rate, depends on inflation, cost of capital, investment
opportunities and personal consumption preferences (Spickova and Myskova, 2015). In this study, the
discount rate used in PV calculations is set to 4%.
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3.2 Sample model results
Three EoL scenarios are simulated for the TRS case study:
1. Replace the TRS component at the end of its designed lifespan.
2. Extend the life of the TRS component through deposition of Inconel 718 (nickel alloy), same
material as the parent component, using AM.
3. Combination of both component replacement and LE processes using AM.
A design variable was introduced in Scenario 3 to represent the time period, within the in-service phase,
in which LE processes are performed. The LCC of the TRS calculated at each year throughout the
system’s in-service phase are cumulatively determining to their PV. Each of the EoL scenarios was
simulated for different inputs using the developed SD model displayed in Figure 3. The SD model was
translated to the corresponding element blocks shown in Figure 4. Assumptions documented in Section
3.1 were then used as the basis for quantitative analysis of the TRS case study. Results obtained for EoL
scenario 1 ensure that as the component’s designed lifespan increases, fewer number of replacements
are required, hence less spare parts needed decreasing LCC throughout the in-service phase (Figure
5(a)). For EoL scenario 2, increasing the thickness of the deposited part results in an increase in the
component lifespan and a decrease in the number of LE processes required (Figure 5(c)). Moreover,
the LE process cost is proportional to the geometry of the part deposited and depends on the fuel and
material prices in the year at which the process is performed. However, it was concluded that the number
of LE processes performed have a greater impact on the LCC than the increase in material and fuel costs
due to the deposited part geometry. Finally, as shown in Figure 5(b), keeping deposited part geometry
and component lifespan constant, the more the time period in which LE processes are performed during
the system’s in-service phase, the higher is the LCC. However, we should keep in mind that LE process
costs highly depend on deposited part geometry and AM process parameters.
(a) EoL Scenario 1 (b) EoL Scenario 3 with Nreplacement= 5 years, NLE=
3 years and Design = 20cm× 0.4cm× 1cm
(c) EoL Scenario 2
Figure 5. Present value of lifecycle cost over a 20-year period for different EoL scenarios
4 LIFECYCLE COST OPTIMIZATION
The 4 design variables consist of geometric variables governing the width (x1) and height (x2) of the
deposited stiffener, AM process parameter defining the laser power used (Lp ), and the time period in
which LE processes are performed (n). The constraints ensure that the increase in weight due to the
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additively deposited part does not exceed 10% of the parent component weight. Bounds on the LE
lifespan and the time period in which LE processes are performed were specified. Further constraints
were placed on the deposited part width and thickness to ensure that it is contained within the bounds of
the existing TRS outer case while satisfying the AM process specifications. Moreover, range of the laser
power used in the AM process was chosen to ensure comparable melt pool dimensions to those of the
deposited part. Taking these constraints into consideration, the objective of the developed optimization
problem is to minimize LCC of the TRS component throughout its in-service phase:
minimize
x
LCC = f (x)
where x = [x1,x2,Lp ,n]
subject to
g1(x) = x1x2 − 0.1Wi/(ρ × L) ≤ 0(geometric constraint)
g2(x) = NLE(x1,x2,Lp)− N ≤ 0(model constraint)
0 ≤ n ≤ N = 20 years
10 cm ≤ x1 ≤ Xtotal = 40 cm
2 cm ≤ x2 ≤ 10 cm
3,500 W ≤ Lp ≤ 4,000 W
(2)
In the formulated optimization problem Wi is the initial weight of the TRS, ρm is deposited material
density, L is deposited part length, NLE is AM LE lifespan, N is in-service phase and Xtotal is the outer
TRS case width. A surrogate is initially constructed for the data obtained from the structural analysis
model which was then integrated into the SD model to reduce computational costs during optimiza-
tion. The optimization problem is solved using the Mesh Adaptive Direct Search (MADS) algorithm
(Audet and Dennis, 2006). Five different initial guesses were chosen randomly, and two local optima
were obtained; the best of the two is listed in Table 1. Both constraints are active. This is because the
lower the deposited part height, the less the required number of additively deposited layers, therefore
less exposure of the component to thermal cycles due to the AM process that impact the component’s
structural integrity. Moreover, depending on the geometry of the additively deposited part, performing
several LE processes results in lower costs than replacing a single component. Therefore, there is an
interesting trade-off between number of LE processes performed using AM and the cumulative LCC of
the component throughout the in-service phase.
Table 1. Best local optimizer obtained using MADS
x1 (cm) x2 (cm) Lp (W) n (years) LCC (USD)
Optimizer/ optimum 40 6.8 3,500 16 26,795
The case study used in this paper to demonstrate capabilities of the developed methodology is repre-
sentative of the aerospace industry and based on a real case provided by GKN Aerospace. Moreover,
the proposed LCC model provides an overall view of the costs throughout the lifecycle of a component
based on geometry. As a result of this, the developed model can be extended beyond an individual case
and be used in LCC estimation of components with different geometries. This would help generalize
the concept and make it applicable to any industrial case, regardless of the product’s structure and spe-
cific parameter values. However, cost models need to be generalized to include different material types,
AM process types as well as fuel and material prices. Finally, to validate a broader application of the
proposed methodology, it must be tested on other case studies.
5 CONCLUSIONS AND FUTURE WORK
Life extension of components is typically considered during their lifecycle without previous planning. In
this work, we demonstrated a modeling and optimization methodology for providing decision-making
flexibility through considering different end of life (EoL) scenarios. Specifically, we developed a SD
model that simulates different EoL scenarios and used it to link re-manufacturing and repair strategies
to design specifications and lifecycle cost optimization.
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Future work includes acquiring cost data to increase the accuracy of the developed LCC model. More-
over, higher fidelity models of the AM process simulation and structural analysis will be utilized in
the developed SD model. Furthermore, design alternatives can be identified and evaluated through
tradespace exploration based on calculations of LCC and degree of changeability. This will allow
expansion of the knowledge base through incorporating product usage data and failure information.
Finally, future work could treat the deposited part geometry and orientation as design variables that are
determined using topology optimization.
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